Introduction {#section1-2041731416670482}
============

The development of biocompatible materials has advanced the field of tissue engineering by providing novel cellular platforms for the promotion of tissue regrowth.^[@bibr1-2041731416670482]^ Many fields in regenerative medicine including the treatment of chronic wounds stand to benefit significantly from advances in biomaterial engineering. It is estimated that 1%--2% of people in the developed countries will experience a chronic wound in their lifetime, and that in the United States alone 6.5 million patients suffer from chronic wounds.^[@bibr2-2041731416670482],[@bibr3-2041731416670482]^ Additionally, soft tissue injuries constitute a large portion of blast-related wounds experienced by active military personnel, and because of their extensive variability and complexity, they are not amenable to standard treatments.^[@bibr4-2041731416670482],[@bibr5-2041731416670482]^

Interest in the use of human adipose stem cells (ASCs) as a potential method to treat traumatic or blunt-force injuries has steadily grown over the last decade. Adipose-derived stem cells are a multipotent stem cell population found in abundance in adult humans, and they possess attributes well-suited for regenerative applications. Autologous ASCs are easily obtained through standard liposuction procedures and can be expanded in culture. They have immunomodulatory properties and secrete vital growth factors, such as vascular endothelial growth factor (VEGF), which is an important molecule involved in the wound healing process.^[@bibr6-2041731416670482]^ Recently, it was demonstrated that the addition of ASCs to a chronic wound site decreased healing times, and that seeding ASCs on the surface of synthetic membranes showed an even greater benefit, increasing healing by 50%.^[@bibr7-2041731416670482],[@bibr8-2041731416670482]^

Biomimetic frameworks that provide structural support and signaling cues derived from the extracellular matrix (ECM) may aid survival of transplanted cells. Poly(ethylene)-glycol (PEG), a water-soluble polymer, is currently used to extend the duration of interferon-alpha in humans as treatment for hepatitis C and can aid in the stimulation of neutrophil production in neutropenia.^[@bibr9-2041731416670482],[@bibr10-2041731416670482]^ The hydrogels manufactured from this polymer can be functionalized to provide cell attachment and degradation sites and may also be adapted for use in drug delivery systems and as substrates for cell transplantation.^[@bibr11-2041731416670482][@bibr12-2041731416670482]--[@bibr13-2041731416670482]^ The chemical versatility of PEG allows for the incorporation and modification of components that create a synthetic ECM closely mimicking an environment that, at the molecular level, can specifically interact with a given cell type in a directed manner.^[@bibr14-2041731416670482][@bibr15-2041731416670482]--[@bibr16-2041731416670482]^

One approach to encapsulation involves using thiol-functionalized multi-arm PEG groups that use divinyl sulfone (DVS) as a crosslinker to polymerize the hydrogels through a Michael-type addition chemical reaction. This method avoids the need for a catalyst that has the potentially detrimental effect on encapsulated cells.^[@bibr17-2041731416670482],[@bibr18-2041731416670482]^ Furthermore, these PEG-based hydrogels possess the ability to incorporate peptides through thiol chemistry using a free cysteine. Peptides containing Arg--Gly--Asp (RGD) sequences can serve as attachment sites for cells, via integrin binding, in the inert PEG gel.^[@bibr19-2041731416670482]^ Sequences containing RGD have been shown to induce fibroblast spreading,^[@bibr20-2041731416670482]^ maintain embryonic stem cells,^[@bibr21-2041731416670482]^ influence mineralization by osteogenic cells,^[@bibr22-2041731416670482]^ promote the migration of smooth muscle cells through the hydrogels,^[@bibr23-2041731416670482]^ and regulate differentiation of various cell lines, such as endothelial cells and myoblasts.^[@bibr24-2041731416670482][@bibr25-2041731416670482][@bibr26-2041731416670482]--[@bibr27-2041731416670482]^ Modulation of the RGD-containing sequence can influence survival, proliferation, and differentiation, indicating that synthetic environments can be engineered to generate specific cell populations with specific functions.^[@bibr18-2041731416670482]^

In this study, we describe efforts to develop an encapsulating hydrogel for ASC that will remodel upon differentiation of ASCs to adipocytes. As a result of elevated levels of MMP3 and MMP10 (two members of the stromelysin family of MMPs) produced by adipocytes,^[@bibr28-2041731416670482],[@bibr29-2041731416670482]^ a scaffolding system was developed that used an MMP peptide cleavage site specific to MMPs 3/10 (GR**C**GRPKPQQ↓FFGLMG; hereafter MMPc).^[@bibr30-2041731416670482],[@bibr31-2041731416670482]^ We characterized ASCs encapsulated in this hydrogel in vitro and show accelerated generation of lacunae within the gel after differentiation.

Materials and methods {#section2-2041731416670482}
=====================

Cell culture {#section3-2041731416670482}
------------

ASCs were isolated from donated lipoaspirate and purified using methods previously described elsewhere.^[@bibr18-2041731416670482],[@bibr32-2041731416670482][@bibr33-2041731416670482]--[@bibr34-2041731416670482]^ Briefly, lipoaspirate was washed 5--10 times using phosphate buffered saline (PBS; pH 7.4) containing 1× penicillin--streptomycin. Next, the lipoaspirate was digested using 0.15% collagenase type I solution (220.00 units/mg; Thermo Fisher, Carlsbad, CA, USA). The cell solution was then pelleted by centrifugation at 1000×*g* for 10 min and resuspended in a solution containing 160 mM ammonium chloride. Cells were then recentrifuged and resuspended in media containing 60% Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) and 40% MesenPro medium (Thermo Fisher, Carlsbad, CA, USA). Finally, the cells were characterized using flow cytometry. Cultures were determined to be CD73-, CD90-, and CD105-positive, as well as CD45- and CD31-negative, consistent with the ASC immunophenotype defined by the guidelines set forth by the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT).^[@bibr35-2041731416670482]^

Cells at passages 2--4 were harvested from tissue culture flasks and encapsulated at 10 × 10^6^ cells/mL in a 10-kDa PEG hydrogel (PEGworks, Chapel Hill, NC, USA) prior to polymerization. They were then crosslinked using DVS (Sigma--Aldrich, St Louis, MO, USA; PEG--DVS) as described previously.^[@bibr18-2041731416670482]^ A biotin-tagged RGD-containing peptide (VnRGD; CGRCGKGGPQVT**RGD**VFTMPG-K(biotin)) derived from the full-length vitronectin amino acid sequence was incorporated to provide attachment sites for the undifferentiated ASCs. In a subset of experiments, a peptide was incorporated that contained a site for cleavage by MMP3/10 (ac-GR**C**GRPKPQQ↓FFGLMG-NH~2~), derived from the sequence found in Substance P, a known substrate.^[@bibr30-2041731416670482]^ Cells were cultured in three-dimensional (3D) hydrogels in either MesenPro or adipogenic differentiation media for 24 h or 4 weeks.^[@bibr18-2041731416670482]^ Adipogenic differentiation medium consisted of alpha-modified minimum essential medium (Sigma--Aldrich, St. Louis, MO, USA), supplemented with 10% FBS (Atlas Biologicals, Fort Collins, CO, USA), 2 mM [l]{.smallcaps}-glutamine (Life Technologies), 100 mM indomethacin (Sigma--Aldrich), 10 mg/mL insulin (Sigma--Aldrich), 1 mM dexamethasone (Sigma-Aldrich), 500 mM 3-isobutyl-1-methylxanthine (Sigma--Aldrich), and 10 U/mL penicillin--streptomycin (Life Technologies, Carlsbad, CA, USA).

Enzyme-linked immunosorbent assay {#section4-2041731416670482}
---------------------------------

In order to examine the amounts of cleaved biotin, an enzyme-linked immunosorbent assay (ELISA) was performed. Here, ASCs were encapsulated into PEG--DVS hydrogels with VnRGD, in the presence of the MMPc cleavage peptide. The hydrogels were grown in either adipogenic culture media or MesenPro media; media were then harvested 24 h after polymerization and at 4 weeks. Samples used to analyze 4-week time points were harvested from media that were added 72 h prior to the time point. Samples were diluted 1:2000, and the amount of biotin released into the media was determined using a Vitamin H ELISA kit (MDBioscience, St Paul, MD, USA; Cat\# M046019).

Quantitative real-time polymerase chain reaction {#section5-2041731416670482}
------------------------------------------------

After 4 weeks of culture, gels containing MMPc peptides were frozen in liquid nitrogen and manually homogenized in 1 mL of TRIzol (Thermo Fisher, Carlsbad, CA, USA) containing 5 µg/mL *Saccharomyces cerevisiae* tRNA (Sigma--Aldrich; Cat\# R8508) for 3 min.^[@bibr36-2041731416670482]^ Next, 100 µL of chloroform was added and samples were centrifuged at 15,000 r/min for 18 min at 4°C. The aqueous phase was removed and recentrifuged at 15,000 r/min for 10 min at 4°C. The aqueous phase was then removed and an equal volume of 100% EtOH was added. The resultant solution was then added to RNeasy MinElute spin columns and subsequent steps were followed in accordance with the RNeasy MinElute Cleanup kit protocol (Qiagen, Hilden, Germany; Cat\# 74204). RNA was used for complementary DNA (cDNA) synthesis using an iScript cDNA synthesis kit (BioRad, Hercules, CA, USA; Cat\# 1708891). Predesigned TaqMan (Thermo Fisher, Canoga Park, CA, USA) probes used to examine gene expression are shown in [Table 1](#table1-2041731416670482){ref-type="table"}.

###### 

TaqMan probes used for gene expression analysis.

![](10.1177_2041731416670482-table1)

  Gene       Gene Name                                           Assay ID        Marker cell type
  ---------- --------------------------------------------------- --------------- ------------------
  *PPARG*    Peroxisome proliferator--activated receptor gamma   Hs00234592_m1   Adipocyte
  *ADIPOQ*   Adiponectin                                         Hs00605917_m1   Adipocyte
  *ACAN*     Aggrecan                                            Hs00153936_m1   Chondrocyte
  *ALPL*     Alkaline phosphatase                                Hs01029144_m1   Osteocyte
  *vWF*      von Willebrand factor                               Hs01109446_m1   Endothelial
  *MMP3*     Matrix metallopeptidase 3 (stromelysin 1)           Hs00968305_m1   --
  *GAPDH*    Glyceraldehyde-3-phosphate dehydrogenase            Hs02758991_g1   Housekeeper
  *ACTB*     Actin, beta                                         Hs01060665_g1   Housekeeper
  *UBC*      Ubiquitin C                                         Hs01871556_s1   Housekeeper
  *GPI*      Glucose-6-phosphate isomerase                       Hs00976715_m1   Housekeeper

Preparation and immunocytochemistry {#section6-2041731416670482}
-----------------------------------

After 24 h or 4 weeks in culture, samples were washed 3× for 5 min in PBS and then immersion fixed in 4% paraformaldehyde in 0.1 M sodium cacodylate (Electron Microscopy Sciences, Hatfield, PA, USA) for 30 min at room temperature. Samples were then cryo-protected using a gradient series of 10%, 20%, and 30% sucrose in PBS for 2 h each and placed in 40% sucrose overnight at 4°C. The following day, samples were immersed in optimal cutting temperature (OCT) media (Electron Microscopy Sciences) on a rotator overnight at room temperature. Finally, samples were embedded in OCT media, frozen using liquid nitrogen, and sectioned at 20 µm.

To identify the hydrogel, slides were immunostained using a streptavidin secondary antibody conjugated to 488 or 568 flurophore (1:100; Jackson ImmunoResearch, West Grove, PA, USA). In order to further characterize developing ASCs, sections were stained using anti-PPAR gamma (PPARG; 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cat\# sc-271392), anti-MMP3 (1:50; EMD Millipore, Temecula, CA, USA; MAB3306), anti-MAP2 (1:100; EMD Millipore), and Hoechst 33342 (1:5000; Thermo Fisher, Canoga Park, CA, USA) for 1 h at room temperature in PBS containing 0.5% Triton X-100 and 1% bovine serum albumin (BSA) (PBT). Samples were then rinsed 2× for 5 min in PBT and subsequently mounted using Prolong Gold (Invitrogen, Carlsbad, CA, USA) under a glass cover slip.

Mosaic acquisition and image registration {#section7-2041731416670482}
-----------------------------------------

Digital micrographs were captured using an Olympus Fluoview 1000 laser scanning confocal microscope (Olympus America Inc., Center Valley, PA, USA) equipped with a precision automated motorized stage (Applied Scientific Instrumentation Inc., Eugene, OR, USA), using either an UPlanFLN 40× (N.A. 1.30) or an UPlanSApo 20× (N.A. 0.75) lens. Datasets were collected as individual z-stacks captured at a pixel array of either 1024 × 1024 or 800 × 800. Optical sections were collected at 1-µm intervals with a 5% overlap along the *x*- and *y*-axes; finally, resultant datasets were automatically maximally projected, aligned, and registered using Imago 1.5 (Mayachitra Inc., Santa Barbara, CA, USA) to yield wide-field high-resolution mosaics of the sectioned 3D hydrogels in a manner previously described.^[@bibr37-2041731416670482]^ All datasets used for spatial analyses have been deposited to Bisque (Bio-Image Semantic Query User Environment) and are publically available for further interrogation with permission (<http://bisque.ece.ucsb.edu/client_service/view?resource=http://bisque.ece.ucsb.edu/data_service/00-BCLMKCcAJrQ2XHUpXx4fnf>).^[@bibr38-2041731416670482]^

Image analysis {#section8-2041731416670482}
--------------

Images were analyzed using open source ImageJ software (National Institutes of Health, Bethesda, MD, USA) to quantify both the number and size of the holes present in each mosaic. Each z-stack was first projected as a two-dimensional (2D) image, and subsequently a threshold for detection of fluorescence was applied across all images analyzed. Images were then converted to a binary format and analyzed for particles using a set size (140--7000) and a circularity of (0.37--1) to ensure that only the holes were included while the edge artifacts were excluded from quantitative analyses. Here, statistical significance was defined as *p* ⩽0.05 using a one-tailed Student's *t*-test.

Results {#section9-2041731416670482}
=======

In a previous study, we described a simple, encapsulating RGD peptide hydrogel that supported survival and differentiation of ASCs. In this study, we sought to develop a hydrogel that will be remodeled during differentiation to provide spaces to accommodate adipocytes. Due to adipocytes producing elevated levels of MMP3 and MMP10,^[@bibr28-2041731416670482],[@bibr29-2041731416670482]^ we incorporated peptides containing MMP cleavage sites recognized by these enzymes. The most promising peptide (GR**C**GRPKPQQ↓FFGLMG; hereafter MMPc) was selected for further study.^[@bibr30-2041731416670482],[@bibr31-2041731416670482]^

After 4 weeks in maintenance media (MesenPro), 3D synthetic scaffolds with and without MMPc peptide showed no structural changes ([Figure 1(a)](#fig1-2041731416670482){ref-type="fig"} and [(b)](#fig1-2041731416670482){ref-type="fig"}; green). Similarly, scaffolds that did not contain MMPc and cultured in adipogenic differentiation media for 4 weeks displayed no structural changes ([Figure 1(c)](#fig1-2041731416670482){ref-type="fig"}). However, the inclusion of MMPc resulted in significant structural changes in the gels after 4 weeks of adipogenic differentiation with an increased number of holes observed ([Figure 1(d)](#fig1-2041731416670482){ref-type="fig"}; green; asterisk, inset). After 4 weeks, no statistical significance in the average number of holes was observed between the undifferentiated samples with and without MMPc. However, after 4 weeks of differentiation, there was a statistical significance in the average number of holes per z-stack between the hydrogels that contained the cleavage peptide (13.84 holes/z-stack) and those that did not (5.03 holes/z-stack; [Figure 1(e)](#fig1-2041731416670482){ref-type="fig"}; *p* ⩽ 0.001). Additionally, no statistical significance in the average area of holes per z-stack was observed between the undifferentiated hydrogel with (0.04 mm^2^) and without (0.01 mm^2^) the cleavage peptide. The average area of holes in the differentiated hydrogels with MMPc was significantly increased compared to the differentiated gels without MMPc as well as both the undifferentiated conditions ([Figure 1(f)](#fig1-2041731416670482){ref-type="fig"}; *p* ⩽ 0.001).

![Remodeling of MMPc-containing hydrogels after ASC differentiation. Gel architecture was assessed via staining for biotin (green), which was present in the covalently attached RGD peptide. Gels cultured with undifferentiated ASC for 4 weeks (a) without and (b) with MMPc peptide showed few holes. Likewise, gels cultured with differentiated ASC, (c) without MMPc peptide showed fewer, smaller holes. However, gels cultured with differentiated ASC, (d) with MMPc peptide showed an increased number and area of holes. (e) The number of holes quantified. (f) The area of holes quantified. Scale bars = 500 µm.](10.1177_2041731416670482-fig1){#fig1-2041731416670482}

To determine whether the ASCs were responsible for the generation of the holes in the MMPc scaffolds, the hydrogels were cultured for 4 weeks with and without the undifferentiated ASCs and no structural changes were observed in the number or sizes of the holes ([Figure 2(a)](#fig2-2041731416670482){ref-type="fig"} and [(b)](#fig2-2041731416670482){ref-type="fig"}; green). The hydrogels containing MMPc that were differentiated for 4 weeks in the absence of ASCs also appeared structurally similar to those in the undifferentiated conditions ([Figure 2(c)](#fig2-2041731416670482){ref-type="fig"}; green). However, scaffolds containing the differentiated ASCs in the presence of MMPc showed a markedly increased number of holes ([Figure 2(d)](#fig2-2041731416670482){ref-type="fig"}).

![Remodeling is dependent on the differentiation of ASC in MMPc-containing hydrogels. Gel architecture was assessed via staining for biotin (green), which was present in the covalently attached RGD peptide. Gels cultured 4 weeks in the absence of ASC, (a) under undifferentiated culture conditions or (c) in differentiation media showed fewer and smaller holes. Gels cultured 4 weeks in the presence of ASC, (b) under undifferentiated culture conditions likewise showed fewer, smaller holes. However, gels cultured 4 weeks in the presence of ASC, (d) in differentiation media showed an increased number and area of holes. (e) The number of holes quantified. (f) The area of holes quantified. Scale bars = 500 µm.](10.1177_2041731416670482-fig2){#fig2-2041731416670482}

Indeed, subsequent quantification showed no statistical significant difference in the number of holes per z-stack in the hydrogels that were cultured in maintenance media with or without ASCs. In contrast, gels that were differentiated in the presence of MMPc with ASCs showed a greater than 6-fold increase in the number of holes per z-stack compared to those without ASCs ([Figure 2(e)](#fig2-2041731416670482){ref-type="fig"}; *p* ⩽ 0.001). Similarly, the area of holes between the undifferentiated conditions (i.e. with and without ASCs) showed no statistical significant difference (0.03 vs 0.04 mm^2^). The area of holes in the differentiated gels containing MMPc peptide in the presence of ASCs showed a distinct increase ([Figure 2(f)](#fig2-2041731416670482){ref-type="fig"}; 0.12 vs. 0.02 mm^2^; *p* ⩽ 0.001).

Voronoi domains were used to describe the 2D spatial organization of the ASCs across experimental conditions. Manual annotations of Hoechst-stained nuclei were used and the Cartesian *x--y* coordinates on these nuclei were recorded in the hydrogels cultured for 4 weeks ([Figure 3(a)](#fig3-2041731416670482){ref-type="fig"}, [(c)](#fig3-2041731416670482){ref-type="fig"}, [(e)](#fig3-2041731416670482){ref-type="fig"}, and [(g)](#fig3-2041731416670482){ref-type="fig"}). Voronoi domain diagrams were generated and their respective areas computed ([Figure 3(b)](#fig3-2041731416670482){ref-type="fig"}, [(d)](#fig3-2041731416670482){ref-type="fig"}, [(f)](#fig3-2041731416670482){ref-type="fig"}, and [(h)](#fig3-2041731416670482){ref-type="fig"}). In the undifferentiated conditions, Voronoi domain area averaged 6420 µm^2^. By comparison, the hydrogels containing the MMPc peptide showed a statistically significant increase in the average area of Voronoi domains (10,221 µm^2^, *p* ⩽ 0.001; [Figure 3(i)](#fig3-2041731416670482){ref-type="fig"}). Likewise, samples cultured in differentiation media also showed a statistically significant increase in the average Voronoi domain area between gels without MMPc (5340 µm^2^) and those with MMPc (7648 µm^2^; *p* ⩽ 0.05). To further support the changes observed in the average area of Voronoi domains in the undifferentiated conditions, cell densities were computed, and it was determined that in samples not containing MMPc there was a statistically significant increase in the density of cells (156 cells/mm^2^) compared to those gels with MMPc (80 cells/mm^2^; *p* ⩽ 0.001). In contrast, samples cultured in differentiation media showed no statistical difference in cell density (124 cells/mm^2^; +MMPc and 183 cells/mm^2^; −MMPc; [Figure 3(j)](#fig3-2041731416670482){ref-type="fig"}). Finally, a coefficient of variance analysis (i.e. standard deviation/mean of the Voronoi domains) was performed to determine whether there was cell clustering observed in any condition. It was determined that no condition demonstrated an increased clustering of cells in 2D ([Figure 3(k)](#fig3-2041731416670482){ref-type="fig"}).

![Average Voronoi areas. Gel architecture was assessed via staining for biotin (green), which was present in the covalently attached RGD peptide. Micrographs shown represent hydrogels cultured for 4 weeks (a and c) without MMPc and (e and g) with MMPc in undifferentiated and differentiated conditions. Representative images of Voronoi domains are shown in b, d, f, and h. (i) Quantification of the average Voronoi areas. (j) Quantification of cell densities in all conditions. (k) Distribution of cells was determined to display a random appearance determined by employing the coefficient of variation analysis. Scale bars = 100 µm.](10.1177_2041731416670482-fig3){#fig3-2041731416670482}

Encapsulated cells were further analyzed using immunocytochemistry. Cells appeared adjacent to the peripheral margins of the holes in the hydrogel ([Figure 4(a)](#fig4-2041731416670482){ref-type="fig"}, [(c)](#fig4-2041731416670482){ref-type="fig"}, and [(e)](#fig4-2041731416670482){ref-type="fig"}; arrows). Similarly, ASCs that were differentiated for 4 weeks in samples with MMPc remained positioned near the edges of the holes in the remodeled gel, although they never increased in size to occupy vacant spaces caused by the remodeling process of the PEG gel ([Figure 4(g)](#fig4-2041731416670482){ref-type="fig"}; asterisks). Under these conditions, the gel displayed an increased level of fluorescent intensity at the boundary of the holes, as indicated by biotin staining (green). To rule out trapping of streptavidin, sections were stained with hemotoxylin and eosin, which revealed increased labeling at the boundary of the holes ([Supplemental Figure 1](#fig7-2041731416670482){ref-type="fig"}). Additionally, cells in each condition had a rounded appearance, indicated by anti-MAP2 staining, a hallmark morphological appearance of adipocytes ([Figure 4(b)](#fig4-2041731416670482){ref-type="fig"}, [(d)](#fig4-2041731416670482){ref-type="fig"}, [(f)](#fig4-2041731416670482){ref-type="fig"}, and [(h)](#fig4-2041731416670482){ref-type="fig"}; red).^[@bibr39-2041731416670482]^

![Cell morphology in hydrogels ± MMPc. Micrographs of hydrogels cultured for 4 weeks (a--d) without and (e--h) with MMPc, in undifferentiated and differentiated conditions are shown. Arrows indicate protrusions of the cellular membrane. Asterisks indicate holes formed in the +MMPc differentiated condition. Green: biotin; red: Map 2; blue: Hoechst. Scale bars: 20 µm.](10.1177_2041731416670482-fig4){#fig4-2041731416670482}

Adipose-derived stem cells that were undifferentiated in gels with the MMPc cleavage site showed only non-specific anti-PPARG labeling compared to the elevated labeling observed in ASCs that had been differentiated for 4 weeks ([Figure 5(a)--(d)](#fig5-2041731416670482){ref-type="fig"}). Anti-PPARG labeling appeared to display perinuclear localization in ASCs under the differentiated conditions ([Figure 5(d)](#fig5-2041731416670482){ref-type="fig"}; arrows). Additionally, immunolabeling for the MMP3/10 protein was also increased in the differentiated state ([Figure 5(e)--h](#fig5-2041731416670482){ref-type="fig"}). In the differentiated state, a majority of the ASCs were MMP 3/10 immunopositive ([Figure 5(h)](#fig5-2041731416670482){ref-type="fig"}; arrows). Gene analysis determined a statistically significant increase in two adipogenic genes (PPARG and *ADIPOQ*) in the differentiated samples. Chondrogenic and endothelial genes examined (*ACAN* and *vWF*, respectively) showed no expression in either the differentiated or undifferentiated conditions. Expression of MMP3 showed an increase in samples that were adipogenically differentiated compared to the undifferentiated counterparts ([Figure 5(i)](#fig5-2041731416670482){ref-type="fig"}).

![Expression of PPARγ and MMP3/10 in MMPc-containing hydrogels. (a and b) No expression of PPARγ was detected after 4 weeks of culture in undifferentiated conditions, (c and d---arrows) but expression was observed after 4 weeks of adipogenic differentiation. Likewise, (e and f) no expression of MMP3/10 was detected after 4 weeks of culture in undifferentiated conditions, (g and h---arrows) but expression was observed after 4 weeks of adipogenic differentiation. (i) Quantification of mRNAs showed an increase in adipogenic markers (PPARγ, AdipoQ) in differentiated cultures, but not in chondrogenic (ACAN), osteogenic (ALPL), or endothelial (VWF) markers and also showed an increase in MMP3 expression. (j) Release of biotin into the media during culture. Green: biotin; red: PPARγ or MMP3/10; blue: Hoechst. Scale bars: a, b, e, f = 50 µm; c, d, g, h = 20 µm.](10.1177_2041731416670482-fig5){#fig5-2041731416670482}

Finally, to investigate degradation of the system, biotin levels were quantified as they were released into the media after adipocytic differentiation. Biotin is attached to the RGD peptide, which was covalently attached to the PEG backbone. A significant increase in the amount of biotin was detected at 4 weeks in gels with the differentiated ASCs (1822.60 ng/mL), compared to the undifferentiated samples (1678.70 ng/mL; [Figure 5(j)](#fig5-2041731416670482){ref-type="fig"}).

Discussion {#section10-2041731416670482}
==========

Previous work has demonstrated that the PEG--DVS hydrogel system allows for the survival and differentiation of ASCs into mature adipocytes.^[@bibr18-2041731416670482]^ These PEG-based scaffolds have demonstrated robust biostability in culture, showing no significant degradation over a 1-month period. However, the ASCs were constrained in close proximity to the surrounding gel, which may not allow for diffusion of secreted ECM, optimal differentiation, or investiture of the vasculature after transplant. Therefore, we sought to modify the hydrogel to allow remodeling upon differentiation to generate spaces to accommodate adipose cells. Research has shown that incorporated peptide crosslinks are susceptible to enzymatic degradation by MMPs.^[@bibr17-2041731416670482],[@bibr40-2041731416670482][@bibr41-2041731416670482][@bibr42-2041731416670482][@bibr43-2041731416670482]--[@bibr44-2041731416670482]^ These previous approaches often utilize a peptide that includes two cysteine residues flanking an MMP cleavage site for common MMP collagenases, allowing for generic degradation. Collagenases comprise the largest known class of MMPs, and by utilizing these cleavage sites, degradation of the hydrogel can be very rapid.

Here, a novel MMP peptide was incorporated containing the cleavage site recognized by MMP3 and MMP10, which are known to be elevated in adipocytes. Surprisingly, it was determined that a peptide containing only a single cysteine residue (MMPc) permitted remodeling as encapsulated ASCs differentiate into mature adipocytes. Data presented here show that these functionalized scaffolds contained an increased number and size of lacunae after differentiating the ASCs for 4 weeks in culture, a phenomenon not seen in samples with the undifferentiated ASCs. Here, we report the first use of a monocysteine MMP peptide to provide a site for degradation of a synthetic scaffold. Furthermore, the remodeling occurred only in the presence of the differentiated ASCs, indicating that it is unlikely a result of a breakdown of the hydrogel over time or an artifact of long-term culture alone. Additionally, this novel demonstration of remodeling is initiated by adipogenic differentiation in a PEG-based hydrogel. The density of cells per square millimeter in the differentiated conditions containing the MMPc showed no statistically significant change between 24 h and 4-week time points, thus indicating the cells remain viable for the duration of these studies.

Voronoi domains quantitatively reveal the distribution of ASCs in 2D space across experimental conditions; additionally, it demonstrated that the incorporation of the MMPc site is correlated with the presence of larger Voronoi areas signifying that the cellular distribution in these degradable scaffolds varied from their counterparts. However, cell density in the differentiated conditions was not significantly altered by the inclusion of an MMPc site, indicating that the increase in area of Voronoi domains was not a result of a reduction in the number of ASCs present after 4 weeks of culture. Interestingly, the differentiation of these cells elicited an increase in density not observed in the undifferentiated samples (*p* ⩽ 0.01). The increase in density may be indicative of increased cell viability due to the deposition of ECM by the differentiating cells in the presence of increasing number of holes, a process that may be absent in the undifferentiated cultures. In the differentiated conditions, the increase in Voronoi domain area of the MMPc-containing samples reflects a more even cellular distribution across the hydrogel. There appears to be more instances of cell clustering in the differentiated samples without MMPc. It is plausible that the increase in the number of holes provides an environment that is more conducive to cell mobility. Finally, a coefficient of variation analysis was used to determine the relative distribution of ASCs throughout each condition revealing that no condition exhibited a unique distribution of cells (i.e., clustering). A homogeneous distribution of ASCs in a scaffolding system may be important in improving therapeutic approaches to tissue regeneration.

General cellular morphology was examined by probing for the cytoskeletal marker MAP2. Anti-MAP2 labeling revealed that ASCs in an undifferentiated state in both the presence and absence of MMPc showed protrusions representing potential attachment sites to the hydrogel. These extensions were also noted in the differentiated samples without MMPc although to a lesser extent. However, the hydrogels containing the MMPc site with the differentiated ASCs displayed no visible protrusions emanating from ASCs. Cells in this condition showed a more rounded morphology, congruent with the typical phenotype of adipogenic cell differentiation.^[@bibr39-2041731416670482]^

Adipogenic differentiation of the ASCs in MMPc gels was confirmed by the immunocytochemical presence of the nuclear receptor PPARG. At the transcriptional level, adipogenic differentiation of ASCs was examined via real-time quantitative polymerase chain reaction (RT-qPCR). Two genes commonly used to characterized adipose tissue are *PPARG* and *ADIPOQ*; here, it was observed that both increased in the differentiated samples. Since adipogenic differentiation has previously been examined in these PEG gels without MMPc^[@bibr18-2041731416670482]^, here efforts were placed on examining the differentiation in MMPc-containing hydrogels.

Gene expression analysis for contaminating cell types was also examined in the differentiated samples, although no detectable levels of chondrogenic (*ACAN*) or endothelial cell (*vWF*) genes were observed, as well as no significant changes in an osteogenic (*ALPL*) gene. Increased expression of MMP3 was confirmed at both the gene and protein levels in the differentiated condition and was not detected in the undifferentiated condition. The increase in MMP3/10 expression (both protein and gene) supports the hypothesis that as ASCs in the hydrogels continue to differentiate into mature adipocytes, they increase their expression of MMP3/10.

The data presented here lead to the hypothesis that the degradation peptide covalently attaches to the polymer via the cysteine residue near the C-terminus. While the N-terminus does not covalently attach to the network, it is able to crosslink the polymer via the hydrophobic N-terminal amino acids (FFGLMG; [Figure 6](#fig6-2041731416670482){ref-type="fig"}). Cleavage of the MMP site by secreted MMP 3/10 is proposed to alleviate these crosslinks and release arms of PEG, thus allowing remodeling of the gel. Increased fluorescent intensity in areas of gel was observed at the edges of the holes, where the polymer may have been redistributed. Portions of gel fragments may also be released, as an increase in biotin (associated with the covalently attached RGD peptide) was detected in the culture media of gels with holes.

![Model of RGD--MMPc hydrogel remodeling upon adipogenic differentiation. The hydrophobic N-terminus of the MMPc peptide may non-covalently interact with the hydrophobic PEG arms. As the ASCs encapsulated in the PEG hydrogel differentiate into adipocytes, they increase the levels of MMP3/10 that are produced. This allows cleavage of the MMPc peptide promoting the remodeling and partial degradation of the scaffolds.](10.1177_2041731416670482-fig6){#fig6-2041731416670482}

By altering various aspects of the system, such as the concentration of MMPc or cell density at time of encapsulation, this scaffold can potentially be modified to remodel and/or degrade in a time- or cell-dependent manner that is appropriate for the target tissue, ranging from weeks to several months. The holes generated by the differentiating cells may also provide a supportive matrix that is tailored by the cells to be specific for an environment accommodating to newly developing tissue. The generation of holes by the differentiated adipocytes not only provides a supportive niche but could aid in angiogenesis of the gel after implantation. The typically poor engraftment and survival of cells in standard fat grafting procedures may benefit greatly from the unique characteristics of this hydrogel system. The increase in the holes as cells differentiate provides an environment, which may be more amenable to vascularization, one of the primary difficulties in the current therapies. The endothelial potential of the transplanted ASCs provides a cell source within the graft to potentially promote vascular incorporation. It has been demonstrated that the inclusion of endothelial progenitor cells promotes graft vascularization and survival.^[@bibr45-2041731416670482]^ The holes may also provide space necessary for neovascularization. Examinations of preliminary data suggest that the hydrogels without the degradation peptide begin to degrade at approximately 3 months in vivo. Furthermore, based on the relationship in degradation times in vitro, it is plausible that degradation of the hydrogels with MMPc incorporated will likely show partial degradation as early as 1 month and allow for the rapid incorporation of the transplanted cells.

Novel, encapsulating PEG hydrogels containing an RGD attachment sequence in addition to a matrix metalloprotease 3/10 cleavage site (MMPc) supported ASC survival and showed a regulated remodeling triggered by adipogenic differentiation. These RGD--MMPc hydrogels with encapsulated ASCs showed an increase in the number and area of lacunae or holes upon adipogenic differentiation, providing a niche for the newly developed adipocytes. Tunable, biomimetic hydrogel scaffolds where remodeling of the gel is triggered by adipogenic differentiation may be useful in soft tissue regeneration.
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![Histological stains of MMPc gels. Gels stained with Toluidine Blue show different distributions of nucleic acids present in (a) undifferentiated samples and (b) differentiated samples. Hemotoxylin and eosin staining of (c) undifferentiated and (d) differentiated samples shows altered distribution of hydrogel after adipogenic differentiation.](10.1177_2041731416670482-fig7){#fig7-2041731416670482}
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